The emerging models of human embryonic stem cell (hESC) self-organizing organoids provide a valuable in vitro platform for studying self-organizing processes that presumably mimic in vivo human developmental events. Here we report that through a chemical screen, we identified two novel and structurally similar small molecules BIR1 and BIR2 which robustly induced the selforganization of a balloon-shaped three-dimensional structure when applied to two-dimensional adherent hESC cultures in the absence of growth factors. Gene expression analyses and functional assays demonstrated an endothelial identity of this balloon-like structure, while cell surface marker analyses revealed a VEcadherin + CD31 + CD34 + KDR + CD43 − putative endothelial progenitor population.
Introduction
The molecular and cellular mechanisms of organogenesis remain a key question of developmental biology. Self-organizing organoids derived from hESCs represent an attractive model platform for studying human organogenesis in vitro. Yoshiki Sasai's group pioneered this field by developing a series of culture conditions that induced hESCs to undergo differentiation programs that mimicked various aspects of early human neurogenesis [1, 2, 3, 4, 5, 6] . Several groups later developed their own approaches for organoid-formation [7, 8, 9, 10, 11, 12, 13, 14] . While all these studies adopted a suspension culture system, a different approach was developed for the self-organization of intestine-like [15, 16, 17] and kidney-like [18] organoids, in which three-dimensional (3-D) organoids were induced to grow out of two-dimensional (2-D) adherent cultures.
A delicate state of balance exists between the pluripotency regulatory network and the differentiation regulatory pathways, and is required for the maintenance of pluripotency [19, 20] . Disrupting this balanced state, by altering the expressions or activities of different components important for the maintenance of this balance, will trigger differentiation in different ways and toward different directions; for example, inhibition of heat shock 70 kDa protein 8 (HSPA8) by a small molecule leads to un-directional differentiation [21] , whereas small molecule inhibition of TRPM6/TRPM7 magnesium channel activity specifically enhances mesoderm and definitive endoderm differentiations [22] . We thus hypothesized that by applying a stimulus that undermines this delicate balance in a certain way during the initial phase of differentiation, hESCs may be poised to differentiate in such a way that a self-organizing organoid structure can be generated. Because small molecules provide a source of practically inexhaustible structural diversity, we proposed to test this hypothesis by searching for small molecule inducers of organoidformation through a chemical screen.
Here we report the identification of two novel small molecules, hereafter referred to as Balloon Inducing Reagent (BIR) 1 and 2, which triggered a spontaneous selforganizing program that led to the formation of a 3-D balloon-shaped structure during hESC differentiation. Using gene expression analyses, functional assays, and cell surface marker expression analysis, we demonstrated an endothelial identity of the balloons, and identified a putative endothelial progenitor population with a characteristic surface marker expression profile of VE-cadherin 
Results

Morphological screen identified two structurally similar compounds that induced a self-organizing balloon-like structure
We previously conducted a high throughput chemical screen which identified 29 bioactive small molecules that potently disrupted hESC pluripotency [21] . Using this compound collection, we conducted a small-scale morphological screen ( phases: in the "induction phase", small molecules were applied to hESCs for 6 days, a period long enough to induce differentiation; this is followed by the "spontaneous self-organization phase" during which small molecules were withdrawn, and cultures were let-grow in a basal differentiation medium in the absence of small molecules for a prolonged period of time. Cultures were monitored regularly starting from day 12 of differentiation induction for the spontaneous emergence of 3-D organoid-like structures. Both phases were growth factor-free.
From this screen we identified two structurally similar compounds 5373471 and 6018575 ( Fig. 1B ; ChemBridge) which, when individually applied to hESC cultures, each induced the formation of a self-organizing balloon-shaped structure ( Fig. 1C ; hereafter referred to as "balloons"). We thus named these molecules Balloon Inducing Reagent (BIR) 1 [5373471] and 2 [6018575], respectively. For a typical balloon induction process, hESCs were incubated with BIR1 (5 μM) or BIR2 (5 μM) for 6 days (day 0 to day 6) in a 2-D adherent culture system, and then let-grow in the absence of BIRs. Balloon structures generally emerged on days 12-13 at a density of approximately 1 balloon/cm 2 . Specifically, BIR1 treatment gave rise to an average balloon density of 1.2 ± 0.8 balloons/cm 2 (mean ± SD; n = 4 independent experiments), while BIR2 treatment gave rise to an average density of 1.1 ± 0.1 balloons/cm 2 (mean ± SD; n = 3 independent experiments).
According to the statistics, BIR1 treatments produced a higher level of variations in balloon density (±0.8 compared to ±0.1 for BIR2), which was in line with our general observation that although BIR1 and BIR2 gave rise to comparable average numbers of balloons (1.2 versus 1.1 balloons/cm 2 ), BIR2 tended to perform more consistently between different batches of experiments. We have also tested 1 μM, 2.5 μM, and 10 μM concentrations for both compounds: neither compound induced balloon formation at 1 μM; BIR1, but not BIR2, was able to induce balloon formation at 2.5 μM; at 10 μM, both BIR1 and BIR2 appeared to be toxic to the cells, and were unable to induce balloon formation.
A schematic drawing of a typical balloon structure is shown in Fig. 1D . A balloon typically consisted of two parts: a closed spherical structure suspended in culture medium and a stalk-shaped structure ("stalks" hereafter) with varying lengths linking the suspended spherical structure to adherent cells (Fig. 1C) . The spherical structures were always filled with colorless fluid, and continued to accumulate fluid and bulge during prolonged periods of culture. A series of z-stack images from the bottom to the top (1 to 5) of a balloon are shown in Fig. 2A , demonstrating the stalk structure (1; white dashed circle), the connection between the tip of the stalk and the bottom of the spherical structure (2 and 3; white dashed circles), and body of the spherical structure (4 and 5; focusing on the wall of the spherical structure, white arrows). A diameter of around 0.5 mm was commonly seen for spherical structures; the largest of these structures could grow to > 1 mm Video. Balloon structures were never observed in DMSO control samples or in samples treated by any other compounds screened.
2.2. Structure-activity relationship (SAR) analysis reveals a structural module related to the activity of BIRs A compound structurally similar to the BIRs, compound 5373490 ( Fig. 3A; ChemBridge), was purchased and assayed in parallel with BIR1 and BIR2 in a Article No~e00133 structure-activity relationship (SAR) analysis. Compared to BIR1 (Fig. 1B) , BIR2
is missing a 2-hydroxylbenzyl group and two methyl groups at opposite ends of its structure (Fig. 1B) . In 5373490, the 2-hydroxylbenzyl group is intact compared to BIR1 (Fig. 3A) ; however, the 2-
Because BIR1 and BIR2 were originally identified from a high-throughput chemical screen [21] for their abilities at disrupting hESC pluripotency, we assayed the three compounds in parallel in hESCs maintained under feeder-free pluripotency culture condition (Methods and Materials) for their potencies at inducing hESC differentiation. As pluripotent hESCs typically grow in tightly packed colonies, loss of colony integrities caused by spreading of cells is commonly used as an indicator of differentiation [23, 24] . At a final concentration of 1 μM, both BIR1 and BIR2 efficiently induced spreading of cells and loss of colony integrities after 2 days of treatment (Fig. 3B) ; meanwhile both 1 μM and 5 μM 5373490 treatments failed to alter colony morphology, as compared to the DMSO control (Fig. 3B ). We then examined the protein level of the key pluripotency factor OCT4 [19] under SAR compound treatments. 1 μM of BIR1
( Taken together, these results suggest that the 2-hydroxylbenzyl group present in BIR1 may be dispensable for the activities tested, whereas the structural integrity of the benzo[d]thiazole group and its attached functional group, such as the 2-methylpropane-1-thiol group in BIR1 and the ethanethiol group in BIR2
( Fig. 1B) , may be required for the compounds' activities.
Gene expression profiling and functional assays revealed an endothelial identity of the balloons
Due to the apparent morphological similarities, we hypothesized an endothelial identity for the balloons, and examined this hypothesis using gene expression analyses and functional tests. Quantitative-PCR (qPCR) analysis showed elevated expressions of endothelial lineage-specific markers VE-cadherin, KDR (VEGFR2), TIE1, TIE2, Endoglin, and FLT1 in balloon cultures as compared to the DMSO control ( Fig. 4A ). In contrast, the expression of mural cell (including vascular smooth muscle cells and pericytes) [25] marker Calponin1 was not elevated ( UEA1 (a human endothelial cell-specific lectin) [26] were elevated in balloon cultures as compared to the DMSO control (Fig. 4B) . Furthermore, both spherical structures (Fig. 4C , yellow arrows) and stalks (Fig. 4C , white arrows) stained positive for VE-cadherin and DiI-Ac-LDL (Fig. 4C , a balloon fallen on its side is shown to demonstrate staining of the entire balloon structure). DiI-Ac-LDL, DiIlabeled Low Density Lipoprotein (LDL), binds to LDL receptors and thus specifically labels cells of endothelial identity [27] (Methods and Materials).
Functional Assays further confirmed an endothelial identity of the balloons. In a selective-adhesion assay (Methods and Materials), 12-day balloon cultures and DMSO controls were trypsinized and re-plated under an endothelial-selective culture condition at the same seeding density; significantly higher numbers of adherent cells were observed in wells seeded by balloon cultures (Fig. 4D and Fig. 4E ). In all three treatment groups tested (DMSO, BIR1, and BIR2), nearly all adherent cells stained positive for DiI-Ac-LDL, verifying the endothelialselectivity of this assay (Fig. 4F ). Furthermore, when tested in a Matrigel vessel-formation assay (Methods and Materials), an assay commonly used to examine the ability of cells to form vascular networks in vitro, BIR-treated cells converted to an elongated morphology and actively assembled into vessel-like networks when encapsulated in Matrigel, whereas DMSO-treated cells never showed vessel-forming activity (Fig. 4G) . Altogether, several independent lines of evidence suggested an endothelial identity of the balloons. Article No~e00133 population in balloon cultures. Because CD31 is also a marker of the hematopoietic lineage [29] , to further verify the endothelial identity of the CD31 + population, we triple stained cells with CD31, endothelial and hematopoietic progenitor marker CD34 [30] , and hematopoietic lineage-specific marker CD43 [31] . As a result, CD31 + cells were predominantly CD34 + , but CD43 − (Fig. 5B) , thus demonstrating an endothelial rather than hematopoietic identity of this population. (Fig. 5C ).
The presence of these populations in DMSO controls was minimum (Fig. 5C ).
Morphological examination of a typical balloon culture revealed distinct DiI-Ac-LDL + multi-cellular modules
To better understand the balloon formation process, we conducted a more thorough morphological examination of the balloon cultures, focusing on the time of balloon formation (days 12 − 13). The general appearances of balloon cultures between days 12-13 were highly heterogeneous; balloons continued to emerge during this period of time, thus in theory structures representing various stages of balloon formation should be present in the same culture. To distinguish endothelial structures from the rest of the culture, we incubated live cultures with DiI-Ac-LDL before microscopic examination.
Several distinct multi-cellular modules formed by DiI-Ac-LDL + cells were identified. First, while cells in most areas of a balloon culture were spread out and appeared mesenchymal in morphology, some areas of the culture maintained an epithelial appearance; within these areas, clusters of DiI-Ac-LDL + cells with mesenchymal characteristics were found (Fig. 6 , first column on the left) and will be hereafter referred to as "clusters". Second, distinct DiI-Ac-LDL + cell aggregates with no apparent internal structural organizations were frequently observed (Fig. 6 , second column) and will be referred to as "aggregates" hereafter. We were unable to determine if the aggregates were uniformly solid in nature without any hidden internal structural organization based on the DiI-Ac-LDL staining result alone. Third, some spherical structures were found to remain directly attached to the culture surface (without "stalks" and could not move); they were smaller in sizes compared to the spherical structures in suspended balloons (Fig. 6 , third column), and will be referred to as "spheres" hereafter. And finally, balloons were stained positive for DiI-Ac-LDL (Fig. 6 , fourth column) as expected. [ ( F i g . _ 6 ) T D $ F I G ] First, to demonstrate that clusters may represent an early progenitor population, we performed double-staining of DiI-Ac-LDL and VE-cadherin, and showed that a majority of the cells within the clusters were indeed DiI-Ac-LDL + VE-cadherin + ( Fig. 7B ; a distinct cluster is enclosed by a white circle), with VE-cadherin being a key endothelial progenitor marker [28] . However, the direct contribution of clusters to the formation of other DiI-Ac-LDL + modules cannot be determined by this result alone.
Second, to show that aggregates can indeed self-organize into hollow sphere structures, we attempted to search for evidences of the existence of a vascular Scale bars: 50 μm.
Article No~e00133
sprouting event by examining the expression of VEGFR3, a marker highly expressed in angiogenic sprouts during embryonic vascular morphogenesis [32, 33] , in aggregates. We found that within a subgroup of the seemingly structure-less cell aggregates, a subset of the cells was positively stained for VEGFR3 and spontaneously organized into sprout-like structures (Fig. 7C) , once again supporting our proposed model (Fig. 7A ).
Discussion
In this study, we conducted a chemical screen designed based on a novel hypothesized approach of hESC organoid induction, and successfully identified small molecules BIR1 and BIR2 as inducers of a self-organizing 3-D structure that was demonstrated to be of an endothelial identity. Free of growth-factor guidance, this method provided a novel hESC 3-D self-organization culture system based solely on small molecule induction. However, although this study intended to discover novel small molecule inducers of organoids, a 3-D structure should only qualify as an organoid if it contains more than one cell type which are arranged in a way that bears significant resemblance to the micro-anatomy of a natural organ, and thus balloons are not complex enough to be called an organoid.
A simple structure-activity relationship (SAR) assay was performed. Only one SAR compound [5373490] was tested in parallel with BIRs due to the limited commercial availability of structurally related compounds. Results from this assay ( Fig. 3B-E) tentatively suggested a correlation between the integrity of the benzo
[d]thiazole group and its attached functional group such as the 2-methylpropane-1-thiol group in BIR1 and the ethanethiol group in BIR2 (Fig. 1B) , and the activities of the compounds. It must be noted that due to the limited number of SAR compounds tested, this result is far from being conclusive and should only be considered as a preliminary clue for the future follow-up studies such as a more comprehensive SAR analysis. As for the potential difference in potencies between BIR1 and BIR2, although both compounds induced balloon formation to similar densities (Results; 1.2 ± 0.8 balloons/cm 2 for BIR1 and 1.1 ± 0.1 balloons/cm 2 for BIR2), the fact that quantification of the VE-cadherin + , CD31 + , and CD34 + populations showed that BIR1 gave rise to higher percentages of these populations in the time course examined (Fig. 5C) , and that BIR1, but not BIR2, induced balloon formation at 2.5 μM concentration (Results), indicated that BIR1 may possess a marginally higher potency compared to BIR2.
Although it is tempting for the authors to claim potential use of this method for the generation of endothelial progenitors and, subsequently, for regenerative medicine purposes, the efficiency of this differentiation is too low ( Upon close examination of this system using various techniques, and upon analyzing the cellular, molecular, and morphological data acquired, we formed a working hypothesis of balloon formation to reconcile our findings. In this model we propose that balloons arise from sequential formation and transformation of precursory and intermediate multi-cellular modules including clusters, aggregates, and spheres (Fig. 7A) . Although unable to conclusively verify this progressive transformation model of balloon formation, we conducted experiments to partially test this hypothesis, and demonstrated that clusters likely represent an early progenitor population (Fig. 7B) and that a self-organizing event similar to vascular sprouting takes place in the seemingly structure-less aggregates and may be responsible for the formation of spheres (Fig. 7C) . Further analyses such as timelapse imaging are required to definitively prove our working hypothesis.
3-D hESC self-organizing culture systems offer a unique opportunity to study potential mechanisms of early human development in vitro. We believe that the system described in this report, constructed using a unique chemical biology serum replacement (KSR; Invitrogen), 4 ng/ml basic fibroblast growth factor (bFGF; Invitrogen), 1% NEAA, 1 mM glutamine, and 0.1 mM β-mercaptoethanol.
For the feeder-independent condition, hESCs were cultured on Matrigel (BD Biosciences)-coated plates in mTeSR1 medium (StemCell Technologies) as described [24] . Experiments described in this study were conducted with H9 and H1 hESCs between passages 30 and 60.
Morphological screen
For the morphological screen, H9 and H1 hESCs were plated in Matrigel coated vessels as 2-D cultures in a basal medium composed of RPMI-1640 medium and 2% B-27 supplement (Invitrogen). Differentiation-inducing small molecules identified from a previous large-scale chemical screening [21] were individually applied at 5 μM to each culture, and incubated for 6 days before withdrawn.
Medium was changed every other day with compound replenishment. Cultures were then kept in the basal medium without the addition of growth factors, and let grown for 6 days or longer, with medium change every other day. During this prolonged incubation period, cultures were examined regularly under microscope for the emergence of 3-D organoid-like structures.
Balloon culture
90% confluent H9 and H1 hESC cultures maintained on MEF feeders or on Matrigel-coated vessels were dissociated by brief exposure to type IV collagenase
(1 mg/ml; Invitrogen) or Dispase (Invitrogen), respectively, followed by mechanical dissociation into cell clumps. It is crucial to plate cells as clumps rather than as single cells to allow successful balloon formation. Cell clumps were seeded into Matrigel coated vessels in mTeSR1 medium at high density: generally at a 1:2 passaging ratio for MEF-cultured cells, and 1:1 for Matrigel-cultured cells.
Cultures were then maintained in mTeSR1 medium with daily medium change until reaching approximately 90% confluency. The degree of confluency before compound induction must be carefully controlled, as both over-and underconfluency affect the efficiency of balloon formation. On day 0, culture medium was switched to a basal differentiation medium containing Advanced RPMI 1640 (Invitrogen), 2% B-27 supplement (Invitrogen), and 1% Glutamax (Invitrogen). Medium was changed every other day throughout the differentiation protocol.
BIR1 and BIR2 were applied and replenished along with fresh basal differentiation medium at 5 μM from day 0 to day 6. Balloons typically emerge at days 12 to 13.
Western blotting
Cultured cells were lysed directly by 2 × Laemmli buffer (Bio-Rad), boiled for 5 min, and analyzed using SDS-PAGE electrophoresis followed by wet-transfer onto nitrocellulose membranes using a system manufactured by Bio-Rad. The membranes were blocked using blocking solution (5% BSA in Tris-buffered saline containing 0.1% Tween-20 [TBST]), and then incubated with TBST-diluted primary antibodies (Table 1) 
RNA extraction, reverse transcription, and quantitative-PCR
Total RNA were isolated using RNeasy mini kit (QIAGEN). cDNAs were synthesized from the purified RNAs using Reverse Transcription System (Promega). Quantitative-PCR was performed using QuantiTech SYBR Green PCR kit (QIAGEN). Signals were analyzed using the comparative C T method, and ACTB gene was used as an internal control. Primer sequences are listed in Table 2 . 
Flow cytometry
Single cell suspensions were acquired through Accutase (Invitrogen) treatment.
Cells were stained using conjugated or unconjugated antibodies or UEA1 lectin (Table 1) for 30 min on ice. Cells stained by unconjugated antibodies were washed by ice cold FACS buffer (PBS supplemented with 1% BSA) and then stained using fluorescent-conjugated secondary antibodies (Table 1) for an extra 30 min. Cells were then washed and resuspended in ice cold FACS buffer and analyzed using a BD Biosciences LSR II flow cytometry analyzer and BD FACSDiva software.
Immunofluorescent staining
Cells were washed once with phosphate-buffered saline (PBS) and fixed by 4% paraformaldahyde (Santa Cruz) at room temperature for 15 min and then blocked with 5% donkey serum (Sigma) in PBS at room temperature for 1 h. The samples were incubated with primary antibodies in PBST (PBS supplemented with 1% Triton) at 4°C overnight, washed three times by PBS, and then incubated with fluorescent-labeled secondary antibodies in PBST at room temperature for 1 h. Finally, cells were incubated with DAPI for 5 min, washed three times by PBS, and subjected to fluorescent microscopy analysis (Zeiss).
Selective adhesion assay
Cells from balloon cultures and DMSO control were trypsinized into single cells, counted using a hematocytometer, and seeded into Fibronectin (BD Biosciences) coated culture vessels in endothelial culture medium (ATCC) at a density of 1.5 × 
